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另外，该学位论文为（高亲和力 αvβ3和 VEGF 双受体正电子成像探针用于脑
胶质瘤的 PET 显像；新型长效 RGD 分子探针用于 αvβ3阳性肿瘤的 PET 显像及放
射性靶向治疗）课题（组）的研究成果；获得（国家自然科学基金青年项目，2011
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摘  要 
第一部分  高亲和力靶向 αvβ3和VEGF双受体正电子成像探针用于脑胶质

























60、120 min后分别为5.54 ± 0.30，5.27 ± 0.56，5.09 ± 0.76。双靶点肽较其单体肽表
现出了更好的显像效果，[18F]标记的RGD-ATWLPPR，RGD，ATWLPPR在注射后30分




















仍能获得肿瘤的阳性显像结果 (ATWLPPR阻断后，T/M = 3.18 ± 0.25；RGD阻断后，




在肿瘤的最高摄取分别为5.31 ± 0.16% ID/g (30 min p.i.)、3.21 ± 0.29% ID/g (30 min p.i.)



















整合素 αvβ3 具有特异性和高亲和力，因此利用 RGD 与整合素 αvβ3 特异性结合而设计的
放射性核素标记的 RGD 分子探针在肿瘤显像方面得到了广泛的研究和应用。然而，放
射性核素标记的 RGD 分子探针在肿瘤治疗方面的研究却并不多。本研究中，我们创造
性的将环状多肽 RGDfK 与白蛋白结合基团伊文思蓝（Evans Blue, EB）共价结合，以期
构建一种可长时间存在于体内循环的长效分子探针 EB-RGD，评估用其进行整合素 αvβ3
阳性肿瘤的 PET 显像及放射性靶向治疗的可行性。 
方法：通过化学共价修饰的方法将环状多肽 RGDfK 与白蛋白结合基团 EB 相结合，
经双功能鳌合剂的连接，制备出二种 EB-RGD 分子探针：NOTA-EB-RGDfK（简称
EB-RGD）及 DOTA-EB-RGDfK（简称 DEB-RGD）。EB-RGD 用于和 64Cu 标记进行体
外生物学实验及体内 PET 成像研究；DEB-RGD 用于和 90Y 标记进行放射性核素治疗研
究。体外实验中，通过与白蛋白微珠竞争结合实验测定 EB-RGD 对白蛋白的亲和力；

















摄取率及内化率；通过细胞竞争结合实验测定 EB-RGD 对整合素 αvβ3 的受体亲和力。
体内实验中，对 U87MG，MDA-MB-435 及 HT-29 荷瘤裸鼠行多时间点静态
[
64




天及 10 天，用[18F]FDG PET 进行疗效监测；治疗开始后 4 天及 11 天，用[18F]FLT PET
进行疗效监测。 
结果：[64Cu]EB-RGD 经衰变校正后的标记率＞90%，比活度约 35-40 GBq/μmol，
放化纯度＞95%。体外竞争结合实验证实 EB-RGD 既保留了 EB 对白蛋白的亲和力，也
保留了 RGD 对整合素 αvβ3 的特异性结合能力。EB-RGD 在 αvβ3 阳性肿瘤细胞中有较高
摄取，且通过内化作用进入肿瘤细胞的分子探针占细胞总摄取率的 90%以上。PET 显
像结果显示，[64Cu]EB-RGD 在整合素阳性的 U87MG 肿瘤中的摄取随时间逐渐升高，
24 h 后的肿瘤摄取率高达 16.64 ± 1.99 %ID/g，为 RGD 单体肽的近 17 倍。与未经标记
的―冷肽‖EB-RGD 共注射后[64Cu]EB-RGD 的肿瘤摄取率下降（16.64 ± 1.99 vs. 7.51 ± 
0.38 % ID/g，24 h），与整合素非特异性探针[64Cu]EB-RAD 相当。[64Cu]EB-RGD 在
MDA-MB-435（5.55 ± 0.77 % ID/g）及 HT-29（6.74 ± 1.03 %ID/g）动物模型中的肿瘤


































Chapter 1 Imaging Integrin αvβ3 and VEGF Positive Glioma with a Novel 
Flurine-18 Labeled Heterodimer Peptide Probe 
Purpose: Radiolabeled Arg-Gly-Asp (RGD) and Ala-Thr-Trp-Leu-Pro-Pro-Arg 
(ATWLPPR) peptide analogs have received interests for their capacity to serve as 
radiopharmaceuticals for imaging integrin αvβ3 and Neuropilin-1 (NRP-1) positive tumors, 
respectively. In this study, we developed a RGD-ATWLPPR heterodimeric peptide which 
contained both RGD and ATWLPPR motifs in one molecular probe. The aim of this study 
was to investigate the dual receptor-targeting property and tumor diagnostic value of 
RGD-ATWLPPR heterodimeric peptide labeled with fluorine-18. 
Procedures: A RGD-ATWLPPR heterodimer was synthesized from c(RGDyK) and 
ATWLPPR through a glutamate linker. The peptide was radiolabeled by reacting the 
fluorine-18 fluoride–aluminum complex with the cyclic chelator, 
1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA). The receptor-binding characteristics 
and tumor-targeting efficacy of [
18
F]FAl-NOTA-RGD-ATWLPPR were tested in vitro and in 
vivo.  
Results: RGD-ATWLPPR exhibited high affinity towards both integrin αvβ3 and NRP-1 
in vitro. [
18





F]FAl-NOTA-ATWLPPR, both in vitro and in vivo. The uptake 
of fluorine-18 labeled heterodimer by an U87MG tumor was inhibited only partially in the 
presence of an excess amount of unlabeled RGD or ATWLPPR but was blocked completely 
in the presence of both RGD and ATWLPPR. Compared with the monomeric RGD and 
ATWLPPR peptides, [
18
F]FAl-NOTA-RGD-ATWLPPR showed improved in vivo 
pharmacokinetics, resulting in a more preferable imaging quality.  
Conclusions: [
18
F]FAl-NOTA-RGD-ATWLPPR exhibited significantly improved 

















RGD or ATWLPPR monomers. These synergistic effects of the RGD-ATWLPPR 
heterodimer provide a foundation for further investigations of its applicability in clinical 
tumor imaging. 
Key words: Integrin αvβ3; Neuropilin-1; RGD-ATWLPPR heterodimer 
Chapter 2 Imaging Integrin αvβ3 Positive Tumors and Targeted 
Radiotherapy with a Novel Long-lasting RGD Probe  
Objects: The integrin αvβ3 has proven a valuable target for nuclear imaging using RGD 
(Arg-Gly-Asp) peptide. However, using RGD-based radiopharmaceuticals for therapy has 
long been regarded as an unattainable goal due to the relatively low tracer uptake in tumor 
and limited tumor retention time. In this study, we proposed a novel platform for developing 
long lasting theranostic RGD agent by conjugating a small molecular albumin binding moiety, 
truncated Evans blue (EB), to RGD peptide. We’d like to evaluate whether the radiolabeled 
EB-RGD could be used for PET imaging and targeted radiotherapy in integrin αvβ3 positive 
tumor. 
Methods: The EB-RGD conjugate was radiolabeled with either 
64
Cu for in vitro cell 
study and in vivo PET imaging, or with 
90
Y for αvβ3 targeted radiotherapy. In vitro cell 
uptake/internalization studies were performed on U87MG, MDA-MB-435 and HT-29 tumor 
cells, in vitro cell binding assay was performed on U87MG cells to determine the αvβ3 
receptor binding affinity of EB-RGD, and in vitro beads-binding assay was used to determine 
the albumin-binding properties of EB-RGD. In vivo, [
64
Cu]EB-RGD was tested in U87MG, 
MDA-MB-435 and HT-29 tumor-bearing mice using micro PET. The therapeutic anticancer 
effect of [
90
Y]DEB-RGD (200, 100 or 50μCi) applied as fractionated injections was 
investigated in different groups of mice by monitoring tumor size and body weight of treated 





PET were also performed to evaluate the [
90
Y]DEB-RGD therapy response. 
Results: EB-RGD was radiolabeled at a specific activity of 35-40 GBq/μmol, with a 
radiochemical yield of more than 90%, and a radiochemical purity of more than 95%. In vitro 

















as compared to RGDfK and comparable albumin binding affinity as compared to intact EB. 
Cell uptake and internalization demonstrated that [
64
Cu]EB-RGD has high 
uptake/internalization values in αvβ3-positive tumor cells and was αvβ3-specific. Besides, cell 
internalization accounted for over 90% of the total cellular uptake values. In vivo PET 
imaging studies showed that the tumor uptake of [
64
Cu]EB-RGD increased with time and the 
highest uptake value reached 16.64±1.99 %ID/g (at 24 h after injection), which was almost 
17 times higher than the RGD monomer. When unlabeled EB-RGD was co-administered with 
[
64
Cu]EB-RGD, the tumor uptake of the probe was significantly reduced (16.64±1.99 to 
7.51±0.38 %ID/g, at 24 h), which was similar as the tumor uptake observed in 
[
64
Cu]EB-RAD. In addition, the [
64
Cu]EB-RGD uptake in MDA-MB-435 and HT-29 tumors 
were both significantly lower than that in U87MG tumors. Regarding targeted radiotherapy, 
[
90
Y]DEB-RGD revealed a great remission of tumors in the 200μCi treated group, compared 





imaging revealed a reduction of cell metabolic/proliferative activity in the 200μCi 
[
90
Y]DEB-RGD treated group. 
Conclusion: The chemical conjugation of a RGD peptide with an albumin binding entity 
EB resulted in a significant increase of the tumor uptake and tumor retention time of radiotracer, 
enabling the preclinical application of integrin αvβ3-targeted radiotherapy in mice. This 
strategy as a general technology platform can be applied to other small molecules and biologics 
for the development of long-acting theranostic drugs. 
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